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ARTICLE INFO ABSTRACT

Keywords: This paper reports on the thermoluminescence (TL) emission (from 250 to 500 nm) of a 10 Gy irradiated natural
Retrospective dosimetry Na-rich aluminosilicate from Minas Gerais (Brazil), previously characterized by Raman spectroscopy and dif-
Thermoluminescence

ferential thermal analysis techniques. 3D-TL spectrum of the analyzed sample displays a complex glow curves
with five different emissions bands peaked at 290, 380, 420, 460 and 500 nm that could be associated with
structural and point defects. The UV-blue emission bands have the following characteristics: (i) the 290 nm
waveband could be due to defects-sites by the presence of Na ions; (ii) the 380 nm band, caused by intrinsic
defects in the lattice (i.e. Non-Bridging Oxygen Hole Centers (NBOHCs), [AlO,]° centres, alkali planar defects
and Oxygen Defect Centers (ODCs), among others); (iii) the 420 nm waveband, linked to the recombination on a
centre formed from a hole-oxygen atom adjacent to two aluminum atoms (Al-O-Al) and Al-O-Si complexes; (iv)
the 460 nm band, associated with the presence of Ti*" in the plagiclase crystal lattice. The green waveband
could be linked to de-excitation of Mn?* ions. The estimation of the activation energy (Ey) from the 10 Gy-
induced TL glow curves analyzed by means of the initial rise method display linear regressions with acceptable r
coefficients (r > 0.977) that reveal three groups of components with traps at different depth in the crystal
lattice of the albite with Ea values in the range of 0.5-0.64 eV.

Plagioclase
Structural defects
Activation energy

1. Introduction

Feldspars in general and plagioclases in particular display well-
known cathodo-, radio- (Correcher et al, 2007a), photo- (Cruz-
Zaragoza et al, 2015) and thermoluminescence (TL) emission
(Correcher et al., 2004). These luminescence properties are mainly due
to the intrinsic and extrinsic defects (i.e. point defects, vacancies,
Schottky and Frenkel defects, dislocations, planar defects, etc.) inside
the crystal lattice, where the emission linked to point defects usually
appears at lower energies (over 500 nm) and the structural defects are
associated with lower wavebands (in the UV-green region) (Correcher
et al., 2011). Studies performed in our laboratory employing different
alkali-rich feldspars indicate that are suitable materials as dosimeters
due to its acceptable radiation sensitivity, linear dose response (up to
100 Gy), high reproducibility and stability of the signal (Correcher
et al., 2004), etc. Such behaviour indicates that can be potentially
employed not only in retrospective dosimetry (Bailiff et al., 2004,
2005), radiological terrorism (Jeong et al., 2013), luminescence dating
(Aitken, 1985; Krbetschek et al., 1997), detection of irradiated food
(Rodriguez-Lazcano et al., 2013), but also for material characterization
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(Almeida et al., 2018). Specifically, TL of alkali-rich silicates is of in-
terest to obtain information about the trapped charge recombination
sites connected with metastable defects inside the lattice that rely on
the trapping-detrapping processes during the readout since the struc-
ture and the luminescence spectrum are not modified in shape in the
temperature range (up to 500 °C) (McKeever, 1986); only some changes
in the TL sensitivity could be detected for temperatures lower than
300 °C (Gonzalez and Correcher, 2014). All the factors involved in the
TL phenomena (i.e. efficiency, lifetime, emission spectra, etc.) depend
directly on the crystalline phase, which is mainly affected by pressure
and temperature. Therefore, small alterations in the lattice, such as
impurities, surface defects in ppm concentrations, inclusions and sub-
stituted ions, among others, could modify not only intensity values, but
also wavelength spectral position. Additionally, the shape (Full Width
at Half Maximum —-FWHM-), intensity (in arbitrary units) and position
(maximum of the temperature —T;,,,-) of the TL peaks at a fixed wa-
velength allow us to get information about the kinetic parameters in-
volving activation energy (E,), pre-exponential factor (s) and/or kinetic
order (b) values that can be calculated using the Glow Curve Fitting
(GCF) (Mufiiz et al., 1995; Gomez-Ros et al., 2002), Whole Glow Peak
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(WGP) (Kalita and Chithambo, 2017), Peak Shape (PS) (Aslar et al.,
2017; Keskin et al., 2018), Variable Heating Rate (VHR) (Topaksu et al.,
2015; Aslar et al.,, 2017) and Initial Rise (IR) method (Chen and
McKeever, 1997; Correcher et al., 2008), among others. The main ad-
vantage of the last method is that the E, parameter can be estimated
regardless of the b value, although is a sensitive method to infer po-
tential thermal pretreatments or changes in the heating rate. It is based
on the hypothesis that occupancies of the relevant states remain almost
constant for the lowest temperature side of the TL peak and, conse-
quently, this side of the peak will follow an exponential dependence
and the applicability of the quasi-equilibrium approximation Iz o exp
(-Eq/kT), where Iy is the TL intensity, k is the Boltzmann's constant and
T is the temperature. Thus, in the Arrhenius plot (In I;; vs 1/T), the E,
can be obtained from the slope (-E,/k) (Correcher et al., 2008).

Albite, which is a sodium aluminosilicate (NaAlSi;Og) that crys-
talizes with triclinic space group Ci(a = 8.14 A, b=13.0 f\, c=7.19 f\,
a =943 p=116.5°, Y = 87.7°) with developed (110) faces (Li and
Knowles, 2013), is usually employed in the field of jewelry, in me-
tallurgical and ceramics industries, as an ornamental stone or gem-
stone, and more recently, it could be potentially employed as personal
dosimeter in case of radiation accident or radiological terrorism where
conventional monitoring is not available (Correcher et al., 1999). In this
sense, we herein report on the TL properties of an albite from Minas
Gerais (Brazil), which has been previously characterized by Raman
Spectroscopy and differential thermal analysis (DTA) techniques. The
E, parameter has been calculated from the 10 Gy-induced TL glow
curves at each wavelength in the range of 250-500nm by the IR
method.

2. Material and methods

The sample, a natural albite (NaAlSi;Og) from Minas Gerais (Brazil),
was previously studied using X-ray fluorescence (Correcher and Garcia-
Guinea, 2013). The characterization has been completed by means of
Raman-PL recorded with a Thermo-Fischer DXR Raman-PL Microscope
(West Palm Beach, FL 33407, USA) with a point-and-shoot Raman
capability of 1 um spatial resolution. It has been used the 100 x ob-
jective of the confocal microscope together with a 532 nm laser source
delivering 10 mW at 100% laser power mode. The average spectral re-
solution in the Raman shift ranging from 100 to 5000cm ' was
4cm™ !, with 900 linesmm ' grating and 2 um spot size. The system
was operated under OMNIC 1.0 software fitting working conditions
such as pinhole aperture of 25 um, bleaching time 30 s; average of four
exposures timed 10s each. And DTA measurements were carried out
using a Model 485le Mettler Toledo thermal analyzer, using
50 = 1mg of each sample and alumina as the reference material that
were recorded in a N atmosphere at a heating rate of 10 °C-min ! from
room temperature (RT) up to 500 °C. TL measurements were performed
on aliquots with 50 pm of diameter and 5.0(1) mg in weight employing
an automated Risg TL reader model TL DA-12 provided with an EMI
9635 QA photomultiplier and a®°Sr/°°Y source with a dose rate of
0.011 Gys ! calibrated with a'*’Cs photon source in a secondary
standard laboratory. All TL measurements were analyzed using a linear
heating rate of 5°Cs ! from a RT up to 500 °C in N, atmosphere, where
the incandescent background was subtracted from TL data. The spectral
emission was obtained through a 0.25 mm Ebert monochromator (3 mm
slits), where the width of the detection window (A.) is 18 nm at fixed
wavelength in the range of 250-500 nm.

3. Results and discussion
3.1. Sample characterization: Raman Spectroscopy and DTA
The characterization of an albite specimen from Minas-Gerais

(Brazil) has been carried out by means of Raman spectroscopy and DTA
techniques. The Raman spectrum of the sample has been analyzed
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Fig. 1. Raman spectra of an albite from Minas-Gerais (Brazil) and Amelia Court
House, Virginia (USA) [26].

considering the plot of for end-member feldspars in which three sam-
ples of low-T-anorthite- P, low-albite and maximum microcline are
outlined (Fig. 1) (Freeman et al., 2008). This model is of interest since
allows us to compare different Raman spectra including the five Raman
emission peaks groups. The I, peak position suggests a first-order
measurement to distinguish the compositional end members, i.e.
507.6cm ! in Group I, for the albite sample. Relative intensities of
triplet peaks in Group I are an additional criterion to differentiate
among feldspar end members. In this vibration type, the displacement
of the oxygen atoms of the four-membered ring is seen similar to heart
function during the breath, i.e. breathing mode. Oxygen atoms vibrate
upright to the T-T line producing differences in the T-O-T angles de-
fining the location of the Group-I Raman peaks. Si-O-Si and Si-O-Al
bond angles in albite are classified in three groups clarifying their tri-
plet configuration in the Group-I spectral region. The T-O stretching
vibrations of the Group-V from 900 to 1200 cm ™~ ' are associated with
Si/Al ratios linked to variable amounts of Ca, Na and K in the albite
lattice. In accordance with Freeman et al. (2008) and Aliatis et al.
(2015), the spectra patterns of albite in Group-IV region are associated
with the Al-Si order/disorder of albite lattice exhibiting two sharp
peaks circa 760 and 810 cm ! which are probably caused by vibrations
of Al-O and Al-O-Si bonds. Groups II and III are less well-explained due
to the higher bandwidths. The spectral region of lower wavenumbers,
i.e. from 100 to 1100 cm ™', appears as occupied by Raman emission
features; on the contrary to the higher wavenumbers (over 1100 em ™~ 1
the sample does not exhibits PL emission.

Raman spectra collected from in situ heated albite aliquots shows as
the most important peaks between 350 and 550 cm ™~ *, at higher tem-
peratures broaden and shift to lower frequencies by 15 to em ™~ *. Such
can be associated with the four-membered tetrahedral ring deforma-
tions up to the melting point at 1060 °C (McKeown, 2005). The whole
Raman emissions of albite are linked with T-O deformation, compres-
sion, breathing, rotation or stretching features; moreover in the main
spectral region from 350 to 550 cm !, sodium atoms are also involved
through self-diffusion movements to compensate electric disequilibrium
and bonds breakings. In the TL luminescence temperatures range from
RT to 500 °C hydroxyl groups also involved in a progressive leaking
process from the albite mass.
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Fig. 2. DTA curve of an albite from Minas-Gerais (Brazil) at a heating rate of
10°C:min L.

Additionally, DTA is a sensitive technique to determine endothermic
and exothermic processes (i.e. dehydration and dehydroxylation stages,
phase transitions and/or redox reactions, among others) (Topaksu
et al., 2015). Thus, DTA curve of the natural albite (Fig. 2) exhibits two
small endothermic peaks from RT up to 150 °C, centred at 85 and
135 °C, linked to dehydration processes of adsorbed water molecules as
appreciated in several silicates (Correcher et al., 2006). At this point,
the heat flow increases up to 200 °C in ~5% giving rise an exothermic
peak due likely to the presence of Na* and oxygen vacancies (04,*)
(Gorobets and Rogojine, 2002) which could react with the environ-
mental water and could form hydroxyl groups that could also be dis-
sociated in OH ™~ giving rise an exothermic reaction (Greenwood and
Earnshaw, 1995; Garcia-Guinea et al., 2017). After the main exothermic
reaction, the increase of the temperature induces lattice rearrangement
processes in several steps, with a decrease of ~18%, that gives rise to
an endothermic effect with a main peak at around 400 °C, which could
be due to a phase transition that converts low-albite (in solid solution)
into peristerite (Smith, 1970).

3.2. 3D-TL spectral emission

3D-TL plot (Fig. 3) displaying photon intensity (a.u.) against tem-
perature (°C) and wavelength (nm) of the analyzed albite exhibits a

Intensity (a.u.)

Fig. 3. 3D-TL spectral emission of an albite from Minas-Gerais (Brazil).
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complex glow curve where is possible to identify, at least, two wave-
bands peaked at 290 nm and a broad emission centred at 400 nm that
includes four groups of components at 380, 420, 460-500nm
(Correcher et al., 2007b). The higher energy signal (290 nm) is poten-
tially useful in the field of retrospective dosimetry (Correcher et al.,
1999) and could be associated with defects-sites due to the re-
combination process where the diffusion of Na* is implicated (Dalal
et al., 1988). This behaviour is linked to the thermal effect on the
aluminosilicate lattice due to the TL readout that gives rise to alkali self-
diffusion through the void channels, redox reactions, consecutive
breaking linking of bonds, etc. inducing a continuum in the trap dis-
tribution (Correcher et al., 1999). According to Correcher et al
(2007a), the 380 nm waveband is typical of mineral phases containing
SiO, groups (i.e. silicates and quartz) and could be due to intrinsic
defects in the structure, such as, Non-Bridging Oxygen Hole Centers
(NBOHCs), [AlO,]° centres, alkali planar defects and ionic self-diffusion
of alkali atoms and/or Oxygen Defect Centers (ODCs). Otherwise, the
broad band peaked at 420 nm, which is common to several feldspars
with different chemical compositions and variable Al/Si order, could be
associated with the presence of Cu?" next to the hole traps (Dalal et al.,
1988) or due to the recombination on a centre formed from a hole-
oxygen atom close to two aluminum atoms (Al-O-Al) and Al-O-Si
complexes (Speit and Lehmann, 1982). According to Correcher et al.
(1999), the lower component in the TL glow curve exhibits a structure
associated with a continuous trap distribution, which could be ex-
plained as a consequence of a dynamic creation-annihilation of a
[AlO4/alkali]* and [AlO4]° centres due to the ionising radiation effect
(10 Gy) that produces a lower yield in the e -h' recombination com-
pared to the 290 nm waveband (intensity ratio of 1:5). On the other
hand, the 460-500 nm broad band could be related to the presence of
Ti** (0.74 A) located in AI** (0.67 A) positions where the irradiation
scarcely gives rise to a TL signal at 100 °C (Correcher et al., 2007b). The
weak green emission at 500 nm would be attributed to the presence of
Mn2* (0.81A) replacing Na™* (1.16 A) and AI®* sites (with coordina-
tion number = 6) in the albite crystal lattice (Gaft et al., 2005). Diva-
lent manganese, which is one of the main luminescence activators in
feldspars due to the transitions between the different excited states to
the corresponding 63 (A;g) ground state (Tanabe and Sugano, 1954).
Thus, considering the Tanabe-Sugano diagram, this emission could be
linked to the 3d-3d transitions between the *G (*T»,) excited state to the
ground state of the Mn®". The increase of the temperature up to 500 °C
induces an emission from 250 to 500 nm at 100 °C directly linked to the
ionizing radiation Besides, the 10 Gy-irradiated albite glow curve dis-
plays rather broad and complex intensity distributions extending over a
significant range of temperatures. Thus, three different spectral regions
are apparent and these are tentatively assigned as follows: (i) tem-
peratures values up to 100 °C directly linked to the ionizing radiation;
(ii) in the range between 100 °C and 400 °C that could be related to
structural defects such as, Na' and O,,” which can react with the en-
vironmental water, forming OH ™~ groups and giving rise to dehydrox-
ylation processes, and to the presence of NBOHCs, ODCs, [AlO4]°
centres, Al-O-Al and Al-O-Si complexes (characterized by Raman
spectroscopy), redox reactions, phase transition (i.e. low albite—peri-
sterite) (detected by DTA) among others; and (iii) there is no signal
from 400 °C onwards along the wavelength analyzed due to the back-
ground subtraction. Such TL glow curves emission exhibit a very
complex structure associated with a continuous trap distribution, which
could be explained as a consequence of a dynamic creation-annihilation
of a [AlO4/alkali]* and [AlO4]° centres (Correcher et al., 1999 and
2007b). Furthermore, it is important to mention that the most intense
waveband at 290 nm, centred at 180 °C with two maxima peaks at
100 °C and 320 °C and ratio of 1:8:5, appears at temperatures lower
than the 400 and 500 nm curves, whose maxima appear close to 260 °C
(with ratios of the intensity of 1:4:2 and 1:2:1, respectively). The signal
located at 180 °C and 340 nm is more sensitive to the ionizing radiation
and could be associated with structural defects, instead of the signal
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Fig. 4. Arrhenius plot of the 10 Gy irradiated albite from Minas-Gerais (Brazil)
in the range of 250-500 nm.

Table 1

Activation energies (E, in eV) calculated using the IR method performed on
10 Gy-irradiated albite aliquots from 250 to 500 nm; where r is the regression
coefficient of linear fitting in the range (in °C) used for the analysis.

Wavelength (nm) Range (°C) E, (eV) r

250 34-64 0.51 (2) 0.986
275 34-60 0.52 (1) 0.997
300 34-52 0.55 (1) 0.996
325 36-56 0.53 (1) 0.994
350 34-62 0.49 (2) 0.977
375 28-58 0.60 (2) 0.988
400 28-52 0.63 (1) 0.993
425 34-54 0.58 (2) 0.986
450 32-56 0.57 (1) 0.993
475 32-64 0.55 (2) 0.982
500 28-31 0.54 (2) 0.978

which appears at higher temperatures (260 °C) at 400 nm, which is
more sensitive to the point defects in the albite lattice structure.

3.3. Initial rise method

Based on the 10 Gy-induced TL spectral emission of the analyzed
plagioclase, one can estimate the Arrhenius plot of the low-T side (In I
vs 1000/T) at each wavelength (from 250 to 500 nm) (Fig. 4), where
the E, parameter can be determined from the slope (E,/k) by means of
the IR method (Chen and McKeever, 1997). Table 1 allows us to dis-
tinguish, at least, three groups of components taking into account the E,
values namely: (i) in the range of 250-350 nm where the evolution of
the E, remains constant (~ 0.5 eV) due to the presence of the Na™* in the
lattice; (ii) a second group in the range of 375-400 nm where E, values
are close to ~ 0.6 eV. Such increase would indicate that the lumines-
cence emission is linked to structural defects, as abovementioned that
dominates over the rest of the processes. And, (iii) a third group in the
range of 425-500 nm, where the E, value are close to ~ 0.56 eV, that
could be linked to redox reactions of Cu (6 ppm), Ti (0.09%) and Mn
(0.02%) ions (Correcher et al., 2007b) and/or the presence of Al-O-Al
and Al-O-Si complexes. All of the IR analyses follow a simple linear
regression that fits linearly with acceptable r coefficients (r > 0.977),
where the assessment of the E, for each TL waveband reveals the pre-
sence of traps with similar depth for the first (250-350 nm) and third
(425-500 nm) group of components (mainly linked to point defects),
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that does not appears for the second (375-400nm) group of compo-
nents which can be mostly related to structural defects.

4. Conclusions

The natural Na-rich aluminosilicate here studied displays a complex
UV-green 3D-TL spectrum of, at least, five wavebands peaked at 290,
380, 420, 460 and 500 nm. They could be linked mainly to structural
and occasionally point defects, namely: (i) a large flat emission of multi-
order kinetics at 290 nm associated with defects-sites due to the pre-
sence of the Na ions in the lattice; (ii) the UV-blue emission band at
380 nm, characteristic of mineral phases with SiO,4 groups, linked to
intrinsic defects in the structure (i.e. NBOHCs, ODCs, [AlO,]° centres,
alkali planar defects, among others); (iii) the 420 nm band could be due
to the recombination on a centre formed from the Al-O-Al and Al-O-Si
complexes; (iv) the 460 nm broad waveband is associated with the
presence of Ti** in the sample; and (v) the 500nm band could be
linked to Mn?* point defects in the albite crystal lattice. The estimation
of E, values for the 10 Gy-induced TL glow curves analyzed by means of
IR method reveal three groups of components (shallower traps) at dif-
ferent depth in the range of 0.49(2)-0.63(1) eV.
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